The muscle lost after a myocardial infarction is replaced with non-contractile scar tissue, often initiating heart failure. Whole-organ cardiac transplantation is the only currently available clinical means of replacing the lost muscle, but this option is limited by the inadequate supply of donor hearts. Thus, cell-based cardiac repair has attracted considerable interest as an alternative means of ameliorating cardiac injury. Because of their tremendous capacity for expansion and unquestioned cardiac potential, pluripotent human embryonic stem cells (hESCs) represent an attractive candidate cell source for obtaining cardiomyocytes and other useful mesenchymal cell types for such therapies. hESC-derived cardiomyocytes (hESC-CMs) exhibit a committed cardiac phenotype and robust proliferative capacity, and recent testing in rodent infarct models indicates that they can partially remuscularize injured hearts and improve contractile function. Although the latter successes give good reason for optimism, considerable challenges remain to the successful application of hESCs to cardiac repair, including the need for preparations of high cardiac purity, improved methods of delivery, and approaches to overcome immune rejection and other causes of graft cell death. This review will describe the phenotype of hESC-CMs and preclinical experience with these cells and will consider strategies to overcoming the aforementioned challenges.
Introduction
The adult human heart has limited intrinsic regenerative capacity, and so the myocardium lost after a myocardial infarct is typically replaced by non-contractile scar tissue, often initiating congestive heart failure. The prognosis after diagnosis of congestive heart failure remains poor, with one recent study estimating a median survival of 1.7 years in men and 3.2 years in women [1] . In many instances, the only effective therapy for end-stage ischemic heart disease is cardiac transplantation. Unfortunately, the number of available donor hearts approximates 2500 in the U.S. per year, well below the estimated 25,000 patients who would benefit from cardiac transplantation [2] . Given this, much attention has recently been directed at cell transplantation strategies as an alternative strategy to ameliorate cardiac injury [3] [4] [5] [6] . A number of candidate cell types have been considered for such therapies, including skeletal myoblasts [7] [8] [9] , bone marrow-derived hematopoietic stem cells [10] , mesenchymal stem cells [11] [12] [13] [14] , intrinsic cardiac stem cells [15] [16] [17] [18] , and embryonic stem cells [19] [20] [21] [22] [23] . Of these, skeletal myoblasts and bone marrow derived cells have undergone the most extensive testing in humans, but Phase I and II clinical trials to date have yielded mixed results [24] [25] [26] [27] [28] [29] [30] . Moreover, although both skeletal myoblasts and bone marrow derived hematopoietic cells were initially asserted to have cardiomyogenic potential, recent preclinical studies have cast doubt on those conclusions [31] [32] [33] [34] .
Thus, the search for the "best" candidate cell type for cell-based cardiac repair continues. In reality, the ideal cell source will likely vary with the clinical context, but one can still posit those properties that might be expected of this hypothetical ideal cell. First, the optimal cell should have myogenic and/or angiomyogenic potential in order to replace lost tissue elements, or it must have the capacity to otherwise favorably influence the function of the injured recipient heart via indirect, "paracrine" effects [5] . Second, the cell preparation should be either readily available or obtained via straightforward, reproducible protocols, and it must be scaleable to clinically relevant cell numbers. Indeed, if a candidate cell therapy cannot be reproducibly isolated and used in preclinical studies by multiple sophisticated research labs, it is difficult to imagine its successfully reaching widespread clinical application. Third, the ideal cell preparation must be able to survive the rigors of harvesting, delivery, and survival within the hostile environment of the infarcted heart and must do so in sufficient numbers to mediate a functional benefit. Finally, the ideal cell should either be autologous or minimally immunogenic, or the functional benefits of its use should clearly outweigh the adverse consequences of chronic immunosuppressive therapy.
While none of the currently available candidate cell types for cardiac repair appear to meet all of the aforementioned criteria, pluripotent human embryonic stem cells (hESCs) and their differentiated progeny possess many of these attractive qualities. First, in contrast to many adult stem cell types for whom this capacity is controversial, hESCs have unquestioned cardiomyogenic potential [35] [36] [37] . hESCs can also be differentiated into non-cardiac cell types present in myocardium (for example, endothelial cells), suggesting hESCs might eventually be useful in repopulating all myocardial tissue elements, not just cardiomyocytes. Second, hESCs can be isolated and maintained by well-established protocols, and they are tremendously scaleable. Undifferentiated hESCs retain their phenotype through as many as one hundred population doublings, and, after differentiation, hESC-derived cardiomyocytes (hESC-CMs) exhibit robust proliferative capacity both in vitro [35, 38, 39] and in vivo [40] . Third, a number of recent reports have shown that hESC-CMs survive after transplantation into infarcted rodent hearts, form stable cardiac implants, and result in preserved contractile function [19, 21, 22] . Improved methods to deliver cells and enhance their survival post-transplantation will certainly be required, but this is true for all cell-based cardiac therapies. Finally, concerns about immune rejection of hESC-derivatives must be addressed by the field if therapies involving these cells are to reach eventual clinical application. Here, we describe the phenotype of hESC-CMs, consider approaches to deriving highly purified cardiac preparations from hESCs, and review preclinical transplantation studies and the substantial hurdles that remain to their clinical application for cardiac repair.
implantation stage human blastocysts [43] . As with their murine counterparts, undifferentiated hESCs are capable of seemingly unlimited self-renewal by symmetric cell division, but they are also defined by their ability to divide asymmetrically and differentiate into elements of all three primary germ layers (i.e. endoderm, ectoderm, mesoderm). As such, the pluripotency of hESCs can be confirmed by their ability to give rise to a benign teratoma after transplantation into an immunodeficient animal model. Moreover, given appropriate culture conditions, hESCs have been induced to differentiate into a variety of useful somatic cell types, including neurons, glia, β-pancreatic cells, hepatocytes, cardiomyocytes, and many others (for review, see [44] ). Not surprisingly, these characteristics have generated tremendous interest in the potential use of hESCs as a model of human development, a tool for drug discovery, and a cell source for regenerative medicine.
Because one of the primary potential advantages of hESC-based cell therapies is their tremendous expandability in the undifferentiated state, some brief discussion of the maintenance and propagation of undifferentiated hESCs is warranted. hESCs were initially cultured by growth on a feeder layer of mouse embryonic fibroblasts. Factors released by the feeder cells, which are not fully characterized, support the proliferation and self-renewal of hESCs. Although sufficient for many research applications, it was recognized early on that the direct co-culture of hESCs and non-human feeder cells would be suboptimal for transplantation applications, prompting the development of a feeder-free, conditioned medium system [45] and human feeder cell alternatives [46] [47] [48] . More recently, an improved understanding of the signaling molecules involved in hESC self-renewal and expansion (e.g. basic fibroblast growth factor (bFGF) [49, 50] ) have allowed the development of culture systems using chemicallydefined media [51, 52] . Collectively, these developments promise to simplify the process of converting hESC culture conditions suitable for the research lab to the reliable, large-scale, zoonotic pathogen-free, and good manufacturing practice requirements of clinical applications.
Techniques for the isolation of hESCs from blastocyst-stage human embryos have been extensively reviewed by others [53, 54] , and so are not further discussed here. Although the currently available hESC lines have been derived from blastocyts left over from in vitro fertilization procedures that were otherwise slated for discard, continuing ethical concerns have resulted in efforts to develop alternative, non-destructive approaches to derive hESCs, for example, using blastomere "biopsies" from morula-stage embryos [55] . More recently, two groups independently reported the derivation of ESC-like, induced pluripotent stem cells (iPSCs) by reprogramming adult human fibroblasts via retroviral delivery of four defined factors [56, 57] . Although technical concerns remain (principally related to the risks of viral transduction), human iPSCs exhibit a phenotype very similar to hESCs, while avoiding ethical controversies. They could also potentially be used in transplantation medicine in an autologous fashion.
Phenotype of human embryonic stem cell derived cardiomyocytes
Doetschman et al. [58] were among the first to show that, by removing mESCs from conditions supporting pluripotency, they can be induced to form cystic, three-dimensional aggregates, socalled "embryoid bodies," that will include foci of rhythmically contracting cardiomyocytes. Subsequently, numerous laboratories have reported the successful derivation of cardiomyocytes from hESCs, via embryoid body differentiation [35, 37] as well as more recently described guided differentiation approaches [19, 36] (discussed in more detail below). hESC-CMs variably exhibit spindled, rod-shaped, spherical, and tri-or multiangular morphologies [35] [36] [37] 39] , and they have expected ultrastructural features, including sarcomeres and intercalated discs [37, 39, 59] . Moreover, as hESC-CMs mature during in vitro embryoid body differentiation, the quantity of myofibrils increases and their arrangement changes from random to parallel alignment [39] . As demonstrated by RT-PCR and immunohistochemical studies, hESC-CMs expresss a number of early cardiac-specific transcription factors including Nkx2.5, GATA4, myocyte enhancer factor 2C (MEF2C) and the T-box transcription factors Tbx-5 and Tbx-20 [35, 37, 39, [59] [60] [61] . They also express sarcomeric proteins (e.g. α-actinin, cardiac troponins I and T, sarcomere myosin heavy chain, atrial-and ventricular-myosin light chains, desmin, and tropomyosin [35] [36] [37] [60] [61] [62] ) and other cardiac or muscle-specific proteins (e.g. atrial natriuretic peptide, creatine kinase-MB and myoglobin [35, 37] ). (See Figures 1A & B. ) Mature myocardium is an electrical synctitium, and, as expected, immunocytochemical studies on hESC-CM cultures demonstrate that connexins and cadherins (elements of gap junctions and adherens junctions, respectively) are present at points of contact between adjacent myocytes [35] [36] [37] 63, 64] .
As has been previously shown in electrophysiologic studies of mESC-derived cardiomyocytes [65] , hESC-CMs exhibit diverse electrophysiologic signatures that include cells with distinct nodal/pacemaker-, atrial, and ventricular-like action potential properties [36, 62] . (See Figure  1C. ) At least at early stages of in vitro maturation, hESC-CMs exhibit electrophysiologic characteristics of primitive myocardium, including a comparatively low action potential upstroke velocity and a depolarized maximum diastolic potential, but these parameters appear to transition toward somewhat more mature values with increasing duration in culture [62, 66] . Voltage-clamp studies indicate that several cardiac-specific currents are present in these cells, including fast sodium current, L-type calcium current, pacemaker currents, as well as transient outward and inward rectifier potassium currents [36, 66, 67] . As in more mature cardiomyocytes, the trigger for contraction in hESC-CMs is a rise in intracellular calcium, and these cells do exhibit calcium transients [36] (See Figure 1D ). That said, some investigators have suggested that these cells have significantly different mechanisms of calcium handling than that in adult cardiomyocytes, such that virtually all of the calcium transient results from trans-sarcolemmal entry via calcium channels rather than by release from internal stores [68, 69] . The latter observation has not held true in our hands-in preliminary studies, we found a robust contribution to the calcium transient in these cells from both L-type calcium channels and ryanodine-sensitive, sarcoplasmic reticulum calcium stores (Zhu, Santana, and Laflamme, unpublished data). Finally, hESC-CMs show at least some of the neurohumoral regulation expected of mature myocardium. For example, treatment with the β-adrenergic agonist isoproterenol has been shown to induce concentration-dependent increases in the magnitude and frequency of their contraction [35, 37, 62, 70] .
Other differentiated progeny of human embryonic stem cells of potential use in cardiac repair
If the goal of cell-based therapies is to truly replace myocardial tissue (as opposed to simple replacement of cardiomyocytes), delivery of other cell types may be required. Indeed, while contributing the majority of the structural volume of the heart, cardiomyocytes comprise only approximately one-third of the total cell number, with the balance being largely accounted for by fibroblasts, endothelial cells, and smooth muscle cells [71] . Moreover, a number of in vitro studies with engineered heart tissues have suggested improved viability, tissue organization, and functional performance in constructs that include an admixture of cell types, rather than just cardiomyocytes alone [72] . Thus, one of the potential advantages of hESC-based therapies is that the latter represent a single potential source for deriving multiple useful differentiated cell types. In addition to cardiomyocytes, hESCs can also be successfully differentiated into potentially useful non-cardiac cell types. For instance, hESCs can be differentiated into endothelial cells by vascular endothelial growth factor (VEGF) [73] and enriched from differentiating cultures by fluorescence-activated cell sorting (FACS) with platelet endothelial cell-adhesion molecule-1 (PECAM1) antibodies [74] . hESC-derived endothelial cells exhibit expected endothelial markers (including PECAM1, CD31, VE-cadherin, and GATA-2), metabolize acetylated low-density lipoprotein, and form vessel-like structures both in matrigel plugs in vitro and subcutaneous implants in immunodeficient mice. hESC-derived smooth muscle cells, which reportedly can be induced by platelet-derived growth factor (PDGF) [73] and all-trans retinoic acid [75] , express expected markers including smooth muscle α-actin, smooth muscle myosin heavy chain, calponin, smoothelin, SM22α, telokin and myocardin. They exhibit a contractile phenotype and respond to agonists including carbachol [76] .
3. Approaches to the generation of highly purified hESC-CMs
Cardiomyocyte differentiation from ESCs and embryonic cardiac development
Studies with both mESCs and hESCs suggest that their differentiation into cardiomyocytes in vitro mimics events during embryonic development [61, 77] . Indeed, the temporal regulation of cardiac-associated genes in differentiating hESC-CMs recapitulates that of embryonic cardiogenesis [61] . During early stages of hESC differentiation, markers of pluripotency such as Cripto, telomerase reverse transcriptase (TERT), and the transcription factor Oct3/4 are down-regulated, while Brachyury, a T-box transcription factor and a marker of newly-formed mesoendoderm, is upregulated. Shortly thereafter, early cardiac markers such as Nkx2.5, MEF2C and Tbx5 appear. Later during differentiation, there is increased expression of later cardiac markers, such as cardiac α myosin heavy chain, cardiac β myosin chain and atrial natriuretic factor. This orderly sequence of cardiac gene expression reinforces the hope that the vast knowledge gained from developmental biology will be instructive to the challenging task of efficiently deriving cardiomyocytes from hESCs.
Heart development in vertebrate embryos proceeds through a series of complex, highly regulated processes, including early specification of cells into cardiac lineage, proliferation and differentiation of progenitors, and morphogenesis of the heart. Recent studies have shown that cardiogenesis involves two separate progenitor cell populations or "heart fields" that arise from a common progenitor present during gastrulation (for review see [78] ). Soon after gastrulation, the earliest cardiac progenitors migrate from the epiblast and are specified in the anterior lateral plate mesoderm (precardiac mesoderm) to form the primary heart field. These cells give rise to the cardiac crescent, which is fated to contribute to the left ventricle and atria. Cells from the cardiac crescent then migrate medially and fuse to form the primitive linear cardiac tube, which obviously must undergo extensive morphological changes before forming the mature heart. The second heart field, which is derived from pharyngeal mesoderm cells located medial to the cardiac crescent, also contributes to the formation of the heart, most significantly to the right ventricle and outflow tract. The primary and secondary heart fields can be distinguished based on their expression of unique molecular markers, although they certainly have many others in common (e.g. Nkx2.5). For example, the primary heart field expresses the transcription factors Tbx5 and Hand1 (heart and neural crest derivatives expressed protein-1), while the secondary heart field expresses the transcription factor Islet-1 (Isl1) and fibroblast growth factor-10 (FGF-10) [79, 80] .
In addition to cardiomyocytes, smooth muscle cells and endothelial cells also contribute to heart formation. Interestingly, multipotent progenitors common to these cells have recently been uncovered in early mouse embryos and mESCs, based on the progenitors' temporally regulated expression of Flk-1 tyrosine receptor kinase (otherwise known as vascular endothelial growth factor receptor 2). In particular, it appears that an early Flk-1 -/Brachyury+ progenitor can give rise to two distinct populations of Flk-1+/Brachyury+ progenitors: one that contributes to endothelial cells and blood cells, and the other capable of differentiating into diverse types of cells in the heart, including endothelial cells, cardiomyocytes and smooth muscle cells [81] . Isl1+/Nkx2.5+/Flk-1+ progenitors from the secondary heart field of early mouse embryos can also give rise to cardiac, smooth muscle and endothelial cells in vivo, and analogous multipotent cardiovascular progenitors isolated from mESCs have been shown to differentiate into endothelial cells, cardiomyocytes and smooth muscle cells as well [82] .
Similarly, Nkx2.5+/ckit+ progenitors isolated from early mouse embryos and mESC cultures can differentiate into both cardiomyocytes and smooth muscle cells [83] . The molecular mechanisms that direct these shared progenitors into specific lineages still remain largely undefined, however.
Factors influencing cardiogenesis
Early experiments with model systems of embryonic development demonstrated that cardiogenesis is regulated by factors provided by adjacent tissue structures. For example, in the developing avian heart, the pregastrula hypoblast (extra-embryonic endoderm) is capable of inducing cardiogenesis from cells in the epiblast [84] . Cells in the cardiac mesoderm, located in the anterior primitive streak, interact with the adjacent anterior endoderm and differentiate into beating cardiomyocytes [85, 86] . Furthermore, the anterior endoderm has the ability to induce cardiogenesis from cells not only of cardiac mesoderm but also non-cardiac mesoderm [86, 87] .
This cardio-inductive activity exhibited by anterior endoderm can be at least partially mimicked by a number of growth factors, including several belonging to the transforming growth factor-β (TGFβ) superfamily, such as activin A, TGFβ, and bone morphogenetic proteins (BMPs) [88, 89] . For instance, application of BMP2 or BMP4 to structures adjacent to the heart-forming region in chick embryos induce ectopic expression of key cardiac transcription factors (i.e. Nkx2.5 and GATA-4) and the formation of beating cardiomyocytes, while the BMP antagonist noggin is capable of inhibiting differentiation of the precardiac mesoderm [90, 91] . This critical role of BMPs in cardiogenesis has also been documented in in vitro studies with differentiating mESCs [92] or P19 murine embryonal carcinoma cells [93] [94] [95] . Furthermore, Nodal, another TGFβ family member, and its co-receptor Cripto play a significant role in cardiac development. Cripto-1 is initially expressed in trophoblasts and the inner cell mass of mouse blastocysts, but its expression subsequently becomes restricted to developing myocardium [96, 97] . Inactivation of Cripto arrests cardiogenesis in both mouse embryos [98] and mESCs [99] , while enhancing neurogenesis [100] . In zebrafish, Nodal induces expression of Casanova, a Soxrelated transcription factor that induces the formation of cardiac-inducing endoderm [101] .
Multiple members of the Wnt/wingless family of signaling molecules are also known to play an essential role in cardiac development. Some confusion has arisen regarding the function of Wnt ligands in cardiogenesis because of the diverse temporal and species-specific activities of these signaling pathways. Hence, canonical (i.e. β-catenin-mediated) Wnt signaling is reported to exert positive and negative influences on cardiac development in different model systems. In the avian model, canonical Wnt signaling functions as an inhibitor of cardiogenesis [102] [103] [104] [105] [106] , while, conversely, the Wnt antagonist Crescent promotes cardiogenesis in posterior non-cardiac mesoderm [107] . A similar inhibitory effect is observed in the Xenopus model, where overexpression of Wnt3A or Wnt8 represses cardiogenesis in cardiac mesoderm [108] , while Wnt antagonists and GSK-3β again induce cardiogenesis in non-cardiogenic mesoderm. By contrast, β-catenin mediated Wnt signaling promotes cardiogenesis in P19 cells [109] and mESCs [110] . These seemingly discrepant results can perhaps be resolved in part by considering the time dependency of Wnt/β-catenin signaling. Indeed, in both the zebrafish model and in mESCs, canonical Wnt signaling promotes cardiogenesis during early stages of differentiation, while opposing it at later stages [111, 112] . Finally, a role for non-canonical Wnt signaling has also been proposed, as the non-canonical Wnt ligand, Wnt11, promotes cardiogeneis in Xenopus embryos [113] , P19 cells [113] , and mESCs [111, 114] .
Growth factors not belonging to either the TGFβ or Wnt signaling families have also been implicated in cardiogenesis. FGF, insulin, and insulin-like growth factors have each been reported to induce the formation of functional cardiomyocytes from pre-cardiac mesoderm [89, [115] [116] [117] or to induce proliferation of precardiac mesoderm and to enhance cardiac development [115] . Platelet-derived growth factor [118] and erythropoietin [119] are known to be involved in cardiogenesis in both mouse embryos and mESCs. Oxytocin, a welldocumented cardio-active hormone [120] , can stimulate cardiac differentiation in P19 cells [121] and cardiac stem cells [122] , possibly through nitric oxide signaling [123] .
Finally, it is worth noting that there is good evidence supporting the inhibitory role of Notch signaling pathways on cardiac differentiation. Notch activation suppresses cardiac development in both Xenopus [124] and chick embryos [125] . In mESCs, Notch appears to influence the cell fate decision between the cardiogenic and neural lineages. Blockade of Notch signaling enhances mesodermal and cardiogenic commitment, while activation of Notch signaling prevents cardiogenesis but promotes neural differentiation [126, 127] .
"Guided" cardiac differentiation of hESCs
There is widespread consensus that, if hESCs are to have a future in cell-based cardiac repair, the field must substantially improve the efficiency by which cardiomyocytes can be generated from hESCs. Until quite recently, the typical method for obtaining hESC-CMs was to form embryoid bodies (in medium including a relatively high fraction of fetal calf serum) and then harvest the resultant, spontaneously contractile cardiomyocytes by either mechanical dissection [37] or enzymatic methods [35] . Embryoid bodies contain an admixture of many differentiated cell types, and so cardiogenesis is woefully inefficient by this approach. Indeed, in our hands, somewhat less than 1% of the total differentiated cell population in large-scale embryoid body outgrowth cultures exhibits a cardiac phenotype [19, 40] . Although such relatively impure cardiac preparations can be further enriched by other methods (see below), considerations of safety and scalability point to the need for a more homogenously cardiac population. Fortunately, the large body of knowledge regarding cardiogenesis in model systems (reviewed in the previous section) provides reassurance that guided cardiac differentiation of hESCs is possible, and it suggests many candidate approaches.
Early efforts to induce cardiogenesis in hESCs have generally focused on the use of either endoderm or factors known to be released by endoderm during development. An early success in this direction was reported by the Mummery group, who found that co-culture with END-2 cells, a murine visceral endoderm-like cell line, was sufficient to coax some degree of cardiac differentiation by several hESC lines incapable of forming embryoid bodies [36] . By eliminating serum from medium used during the co-culture, these investigators were able to further enhance cardiogenesis, generating preparations of 5-20% hESC-CMs [128] .
Our group has focused on identifying defined factors to enhance the differentiation of hESCCMs. Based on an extensive screening effort involving many factors implicated in mesodermal and/or cardiac differentiation in model systems, we have developed a guided cardiac differentiation protocol that involves two members of the TGFβ superfamily of growth factors, activin A and BMP4 [19] . In this approach, hESCs are maintained in monolayer culture in their usual undifferentiated growth medium (e.g. mouse embryonic fibroblast conditioned medium [45] ) for approximately one week, after which they are sequentially treated with activin A and BMP4 in serum-free medium. The growth factors are then removed, and the cells are maintained in serum-free medium for an additional 2-3 weeks. This procedure typically yields preparations of > 30% cardiomyocytes, again versus the <1% cardiac preparations obtained using "spontaneous" embryoid body differentiation. Foci of spontaneously contracting cardiomyocytes are usually observed approximately one week after withdrawal of the growth factors, and they show sustained contractile activity even after several weeks in culture. The cardiac phenotype of these myocytes has been extensively validated by immunohistochemistry, RT-PCR, and functional studies. (In fact, the examples depicted in Figure 1 were obtained with hESC-CMs generated with this approach.) Furthermore, this preparation of directly differentiated hESC-CMs has been validated for its ability to remuscularize infarcted rat hearts and help preserve cardiac function (for more details, see ref [19] and below). Finally, Takahashi et al. [129] reported that our guided cardiac differentiation protocol with activin and BMP4 is efficacious with their recently described human iPSCs. This report gives us hope that ongoing work with hESCs will inform efforts to guide the differentiation of this exciting new source of pluripotent cells.
Other investigators have also explored the cardiac induction of hESCs using growth factors belonging to the TGFβ superfamily. Tomescot et al. [23] reported a three-to ten-fold increase in the expression of mesodermal and cardiac genes during hESC embryoid body differentiation with the application BMP2 and SU5402, a FGF receptor inhibitor. Burridge et al [130] added activin A and FGF2 during early embryoid body differentiation and found that these factors resulted in an approximately five-fold increase in the percentage of spontaneously beating foci. Both studies underscore the essential role of TGFβ superfamily members in the cardiac differentiation of hESCs, but they provide apparently conflicting results with regard to FGF. We speculate that the latter difference may reflect other differences in terms of the cell lines employed, culture conditions, and the timing of treatment, but more study of FGF signaling in this context is clearly warranted.
To this point, we have emphasized the value of insights from embryogenesis in model systems in the development of guided cardiac differentiation protocols for hESCs. Signaling cascades critical to cardiogenesis in other stem cell types provide another attractive source of candidate molecules to optimize the in vitro derivation of cardiomyocytes from hESCs. For example, ascorbic acid, reported to improve cardiomyogenic differentiation by mESCs [129] and human bone marrow stem cells [131] , also enhances cardiogenesis in hESCs [128] . 5-aza-2′-deoxycytidine (5-aza-dC) enhances the cardiomyogenic differentiation by mesenchymal stem cells [132] [133] [134] , resident cardiac stem cells [16, 122] , and P19 embryonal carcinoma cells [135] . 5-aza-dC, which presumably works via demethylation of DNA, also promotes the differentiation of hESCs into cardiomyocytes [35, 136] .
On the other hand, it should be emphasized that hESCs have unique properties relative to model systems and other stem cell types, and so it follows that not all factors and approaches implicated in these systems will prove efficacious in the differentiation of hESCs into cardiomyocytes. Indeed, dimethyl sulfoxide and all-trans retinoic acid, which are strong cardiogenic inducers in P19 cells [137] and mESCs [138] , respectively, fail to enhance cardiomyogenic differentiation in hESCs [35] . Conversely, it is possible that novel factors not anticipated by work in model systems may prove useful with hESCs. Finally, it should be emphasized that different hESC lines exhibit somewhat different behavior, and they vary in the efficiency in which they differentiate into cardiomyocytes. For instance, cardiomyogenic differentiation of hES1, hES2, hES3 and hES4 hESC lines can be induced by co-culture with endoderm [36, 139] , but not through embryoid body formation as has been shown with the H1, H7, H9 and H14 hESC lines [140, 141] . The bottom line: while the developmental biology and stem cell literature can be helpful, they do not eliminate the need for the empirical testing of candidate cardiomyogenic factor(s) in hESCs (ideally, across multiple hESC lines).
Enrichment of ESC-derived cardiomyocytes
Even the best available protocols for the guided cardiac differentiation of hESCs do not result in a homogenous preparation of cardiomyocytes, but rather produce an admixture of multiple cells types with cardiomyocytes typically comprising a plurality. Thus, additional enrichment step(s) may be required for in vivo applications, at least given our present incomplete understanding of hESC differentiation. Several approaches to the enrichment of cardiomyocytes from differentiated hESC cultures have been explored. In one method, undifferentiated hESCs are genetically modified to carry a mammalian selection gene (e.g. antibiotic resistance) under the control of a cardiac-specific promoter. The modified cells are then induced to differentiate and then selected based on activation of the cardiac-specific promoter. Early proof of principle for this approach was provided by the Field group [142] , who generated preparations of cardiomyocytes of > 99.6% purity from mESCs bearing a transgene in which expression of the aminoglycoside phosphotransferase gene (i.e. neomyocin resistance, which confers resistance to the antibiotic G418 in mammalian cells) was driven by cardiac-specific α-myosin heavy chain promoter with selection of differentiated cardiomyocytes. This selection strategy was subsequently adapted to generate and purify mESC-derived cardiomyocytes on a large scale [143, 144] . A related approach, which has proven useful with both mESCs [145] and hESCs [146, 147] , involves expression of green fluorescent protein (GFP) under a cardiac-specific promoter and enrichment of cardiomyocytes by FACS. For example, the Gepstein group has generated preparations of hESC-CMs of >93% purity and >85% viability, based on FACS of myocytes expressing eGFP under the human myosin light chain-2V promoter [147] .
Genetic selection represents an impressive technology by which to enrich cardiomyocytes from hESCs, but it entails the usual risks of gene therapy (e.g. insertional oncogenesis). It is unclear how regulatory agencies will approach the dual concerns of genetic modification and the use of a novel pluripotent cell type. On the other hand, there are other enrichment methods that take advantage of the unique immunophenotypic and/or physical properties of cardiomyocytes (or cardiac progenitors) and so do not require genetic modification. Native cell surface markers are often targeted to select specific cell types via FACS or magnetic cell separation, but as yet no cardiomyocyte-specific surface markers have been reported or used with hESCs. Still, as discussed above, multipotent cardiac progenitors have been isolated from mESCs via FACS for the cell surface marker Flk-1, and these progenitors have subsequently been induced into cardiomyocytes at high purity [81] . This approach may be applicable to hESCs, if similar progenitors can be identified based on Flk-1 or other markers. Another method of enrichment for hESC-CMs that our own group has successfully employed is Percoll gradient separation, a technique that relies on the unique buoyant properties of cardiomyocytes. Differential cell densities can be separated via Percoll gradient centrifugation, and, in our hands, this technique typically results in a three-to seven-fold enrichment of hESC-CMs when applied to enzymatically dispersed cells from embryoid bodies [35, 40] or cultures "guided" by treatment with activin A and BMP4 [19] . One final strategy that we have found helpful in the enrichment of hESC-CMs involves the formation of suspended aggregates of differentiated cells, structures we have termed "cardiac bodies" [148] . Even after enzymatic dissociation of embryoid bodies to single cells, hESC-CMs (and other non-cardiac cells present) will re-associate in suspension cultures to form the aforementioned cardiac bodies. Cardiomyocytes survive exceedingly well under these conditions and, in fact, out-compete the non-cardiac cells, eventually resulting in cardiac bodies that are comprised of > 60% cardiomyocytes.
As a final note, it is worth commenting on the various methods by which the cardiac purity of hESC-derived preparations have been assessed. A large number of endpoints have been used in making this assessment, ranging from simple counts of the number of spontaneously beating foci, to RT-PCR or Western blotting for cardiac markers, to quantitation of the percentage of cells expressing cardiac-specific markers (e.g. sarcomeric proteins) by immunocytochemistry or flow cytometry. This diversity in endpoints often makes it difficult to compare the degree of cardiac enrichment obtained by different approaches in different labs. We now have multiple protocols resulting in near-homogenous preparations of hESC-CMs [19, 147, 149] , and these are the benchmark to which alternative strategies should be compared. Thus, while we recognize that more convenient endpoints (e.g. beating, RT-PCR) may be useful for rapid screening, we would encourage investigators in the field to report the absolute fraction of the total cell population that is positive for cardiac markers whenever possible.
Cardiac repair with human embryonic stem cells

Proof of principle from transplantation studies using embryonic, fetal, and neonatal cardiomyocytes
Operating on the intuitive assumption that the logical cell type to replace lost cardiomyocytes would be cardiomyocytes themselves, the first preclinical studies of cell-based cardiac repair employed terminally-differentiated myocytes from embryonic, fetal, and neonatal hearts [150] [151] [152] [153] [154] [155] . These studies provided invaluable early proof-of-principle for the field, as the implanted cells formed stable intracardiac grafts, retained their cardiac phenotype (including expression of expected sarcomeric and gap junction proteins), and resulted in improved left ventricular function. By comparison, adult cardiomyocytes showed very poor survival posttransplantation [156] , indicating that less mature myocytes may be intrinsically more robust and better suited to persist in the hostile graft environment. Of course, practical considerations related to supply and ethical concerns essentially preclude the clinical application of cardiomyocytes from human fetal or neonatal sources.
Using the genetically selected preparation described above, the Field group was the first to demonstrate that the transplantation of mESC-derived cardiomyocytes into the uninjured hearts of immunocompatible mice resulted in the formation of stable intracardiac grafts [142] . By implanting wildtype cells into dystrophin-null recipients, these authors were able to use dystrophin immunohistochemistry to show surviving graft cardiomyocytes, with sarcomeric organization in alignment with host myofibers, for as long as 7 weeks. The Xiao group were the first to demonstrate the survival of mESC-derived cardiomyocytes after transplantation in infarcted hearts [157, 158] , and they and others [159] [160] [161] have shown that this cell therapy attenuates the progressive loss of cardiac function by injured hearts using echocardiography and other parameters. Of note, in one of the aforementioned studies [159] , these functional benefits were observed with transplantation of mESC-derived cardiomyocytes but not bone marrow derived hematopoietic cells, another candidate cell type for cardiac repair.
Terzic and co-workers have transplanted undifferentiated mESCs, a cell preparation that one would expect to give rise to teratomas, into the infarcted hearts of allogeneic mice and immunocompetent rats [162, 163] . They observed similar functional benefits, and, surprisingly, reported that the implanted cells preferentially differentiated into mature cardiomyocytes, indistinguishable from those of the host. If correct, their results would have two remarkable implications: first, that the implanted cells somehow escape immune recognition (plausible for undifferentiated cells, but unexpected for their differentiated progeny); and, second, that the recipient heart is an instructive, cardiogenic environment. Unfortunately, we and others have been unable to reproduce these results and, instead, find that the transplantation of undifferentiated mESCs into immunodeficient or syngeneic hosts produce teratomas [159, 164, 165] , while mismatched grafts result in immune rejection [164, 165] . Thus, in our opinion, use of ESCs implies a need to deal with both the immune system and the risk of teratoma formation.
Pre-clinical transplantation studies with hESC-CMs
Not surprisingly given their more recent derivation, transplantation experience with hESCCMs is more limited than with their murine counterparts. The first two studies were performed in uninfarcted hearts and were intended to demonstrate engraftment and assess the capacity of the implanted cells to undergo electromechanical integration with the host. In separate studies, the Gepstein [166] and Li groups [167] microdissected spontaneously contracting embryoid bodies from hESCs and then transplanted these into immunosuppressed animals (pigs and guinea pigs, respectively) with experimental heart block. Both studies used electrical mapping techniques to show that the site of hESC-CM implantation served as an ectopic pacemaker, thereby providing strong evidence for host-graft electromechanical coupling at least in uninfarcted hearts. The Gepstein study also included limited histologic analysis, showing small clusters of surviving cardiac graft cells, positive for both cardiac α-actinin and a human-specific mitochondrial marker, for up to 1-3 weeks post-transplant. Our own group tested the ability of hESC-CMs to form human myocardium in uninjured nude (athymic) rat hearts, transplanting a Percoll-enriched preparation of embryoid body outgrowth cells (of 10-20% cardiac purity) [35, 40] and following their fate by histologic endpoints. The grafts in this study were initially quite small, but the implanted cardiomyocytes showed remarkable proliferative activity in vivo (as indexed by BrdU incorporation and cell cycle markers), resulting in seven-fold increase in graft size over 4 weeks. The graft cardiomyocytes, whose human origin was confirmed by in situ hybridization with human-specific DNA probes, exhibited expected cardiac markers, including β-myosin heavy chain, myosin light chain 2v, and atrial natriuretic factor. No teratomas were observed; moreover, the non-cardiac graft cells disappeared over time, eventually leaving implants comprised of cardiomyocytes and the occasional endothelial cells. The mechanisms underlying this clearance of non-cardiac cell types remain unclear. More recently, Dai et al [63] transplanted a similarly crude preparation of hESC-CMs (∼ 13% cardiomyocytes) into uninfarcted nude rats and also found surviving cardiac implants without teratoma formation.
In the past year, a number of labs have reported progress in preclinical studies involving the transplantation of hESC-CMs into the more hostile environment of the infarct zone (Please see Table 1 ). Our own group demonstrated the capacity of these cells to form stable cardiac implants and favorably influence cardiac function in a nude rat ischemia-reperfusion infarct model [19] . We generated a highly purified preparation of human cardiomyocytes (≈ 80-85%), using the directed differentiation protocol described above (i.e. serial activin A and BMP4) followed by Percoll gradient enrichment [19] . When these cells were injected into recently infarcted hearts in the presence of a cocktail of pro-survival factors to limit cell death posttransplantation, they formed stable cardiac grafts within the scarred zones of 100% of recipient hearts. As before, the human cardiac implants in histologic sections were observed at a 4-week time point, and their origin was confirmed with human-specific in situ probes. The grafts exhibited an expected cardiac immunophenotype, and no teratomas were observed (indeed, vanishingly few non-cardiac human graft cells were found at all). Of note, however, the cardiac implants were small (occupying a mean of only 4% of the total scar cross-sectional area) and were generally separated from host cardiomyocytes by scar. Nonetheless, echocardiographic and MRI studies indicated beneficial functional effects with hESC-CM grafting: recipients of the latter cells showed attenuated left ventricular dilatation and preserved global and regional contractile function relative to controls receiving vehicle or the pro-survival factors alone. Interestingly, these effects appeared to require the presence of cardiomyocytes, as they were not observed with the transplantation of a non-cardiac, hESC-derived cell preparation.
Caspi et al. [21] recently reported qualitatively similar results with the transplantation of hESCCMs into infarcted rat hearts, although these authors used a different cell preparation (i.e. mechanically dissected beating embryoid bodies) and pharmacologically immunosuppressed, rather than nude rats. In particular, these authors showed surviving graft myocardium for as long as 8 weeks post-transplantation (although the extent of remuscularization was not assessed), as well as improved left ventricular dimensions and function in cardiomyocyte recipients versus controls at 4-and 8 weeks post-transplantation by echocardiography. As in our own study, the latter functional effects were not observed with differentiated non-cardiac hESC-derivatives (i.e. non-beating areas removed from embryoid bodies. Finally, these authors also showed that transplantation of undifferentiated hESCs resulted in the formation of teratomas.
Another recent study that warrants particular comment examined the transplantation of hESCCMs in a murine model (i.e. acutely infarcted immunodeficient (NOD-SCID) mice) [22] . In this work, van Laake et al. obtained hESC-CMs by mechanically dissecting beating foci that resulted from co-culture of hESCs and END-2 endodermal cells (see above). Interestingly, although the cardiac purity of the input cell preparation in this study was comparatively low (20-25% cardiomyocytes), the authors reported that the non-cardiac cells were gradually cleared from the recipient hearts, an observation akin to our own findings with transplantation studies in normal [40] but not infarcted [19] rat hearts. They reported the survival of human graft cells for as long as 12 weeks post-transplantation and beneficial functional effects by MRI on left ventricular dimensions and function 4 weeks post-transplantation. However, a potentially troubling finding from this study is that the latter functional effects appeared transient: the statistically significant differences between cardiomyocyte recipients and controls at 4 weeks post-transplantation were no longer present at 12 weeks. It should be noted that no histomorphometry with regard to graft size was reported at any timepoint in this study, and so the size (and the cardiac phenotype) of the surviving human graft at 12 weeks is unclear. Nonetheless, van Laake et al. included by far the longest duration of follow up with hESC-CM transplantation, and, particularly given recent reports of transient functional benefits in early clinical trials testing bone marrow cells in cardiac repair [29] , these results underscore the need to include later timepoints in future preclinical studies.
Important differences in experimental design (e.g. choice of species, method and timing of infarct generation, cell preparation including hESC line employed and mode of differentiation, cell dose, length of follow-up, use of pro-survival factors, etc.) complicates detailed comparisons of the three aforementioned and other recent studies examining hESC-CM transplantation in rodent infarct models. (Please see Table 1 for a brief summary of their respective experimental design and major findings.) That said, they do have a number findings in common that suggest the following provisional conclusions: First, hESC derived cardiomyocytes can engraft and survive in infarcted rodent hearts (at least for as long as 4-12 weeks). Given that these studies involve the delivery of xenogeneic cells with a presumably high metabolic demand into a poorly vascular, pro-inflammatory infarct environment, this is no small feat. In our own hands, this graft survival required co-delivery with pro-survival factors [19] , but other investigators have reported some level of engraftment (generally not quantitated by histomorphometry) without this requirement [20] [21] [22] [23] 168] . Second, all studies to date that examined functional consequences of hESC-CM transplantation observed beneficial effects on left ventricular remodeling and function. Moreover, three groups independently reported that the transplantation of differentiated non-cardiac hESC derivatives did not mediate these functional effects, demonstrating that not just any cell will suffice and that a specifically cardiac preparation may be required for maximal benefit. Third, while some have suggested preferential cardiac differentiation of ESC derivatives after intra-cardiac transplantation, careful histologic analyses have shown the transplantation of undifferentiated hESCs or differentiated hESC derivatives of low cardiac purity can give rise to teratoma-like graft elements in infarcted hearts [19] [20] [21] . Thus, while some investigators continue to pursue the use of undifferentiated hESCs for cardiac repair [169] , this is, in our opinion, an unnecessarily risky approach.
A final issue worth considering is the mechanism by which the implanted cells mediated beneficial effects on contractile function. The most straightforward mechanism is that the implanted myocytes undergo appropriate electromechanical integration with the host and directly contribute new force-generating units, but this is by no means the only possibility. As we have reviewed in more detail previously [5] , other indirect mechanisms of action have been suggested to explain the functional benefits with other cell-based cardiac therapies, including favorable "paracrine" effects on ventricular remodeling, formation of collaterals, inflammation, or host cell survival.
This question of mechanism of action is not purely academic; it has important ramifications on the potential for arrhythmogenesis, the appropriate timing of hESC-CM delivery, and the number of surviving cells that may be required to mediate an effect. In favor of graft-host electromechanical coupling, hESC-CMs express gap junctions and have been shown to undergo electromechanical integration (and act as ectopic pacemakers) in uninfarcted hearts [166, 167] . On the other hand, in our own study of hESC-CM transplantation into infarcted hearts, histologic sections showed infrequent points of host-graft contact, and most of the graft was insulated by scar tissue [19] . It is also unclear whether these human cardiomyocytes are even capable of keeping up with the much more rapidly beating rodent heart (∼400 beats/ minute) in these studies. If not, this would imply that a paracrine mechanism underlies the functional benefits observed in rodent studies and suggests that an additional increment of improvement is possible if hESC-CMs can better couple in the more slowly beating human heart. Fortunately, the field has developed elegant electrophysiologic [170, 171] and optical [172, 173] methods to directly determine whether graft cells are activated in systole, and these important studies are undoubtedly underway.
Remaining hurdles to the clinical application of human embryonic stem cells in cardiac repair
Despite generally encouraging results from preclinical studies with hESC-CMs in rodent models, substantial challenges remain to the development of clinical therapy based on these cells. It is possible that studies in larger, slower-rate preclinical models may identify other unexpected challenges, and, as underscored by the mixed results from recent clinical trials with other candidate cell types for cardiac repair, there can be no substitute for eventual testing in human patients. Still, we here identify what we perceive as the major hurdles to the clinical application of hESC-CMs and discuss potential approaches to overcoming them.
4.3.1
Immune rejection-An important challenge to any therapeutic application involving hESCs or their differentiated progeny will be the need to prevent immunologic rejection of the graft. Studies in murine models show that the immunogenicity of ESCs increases with differentiation, and so cardiac transplants of differentiated ESC-derivatives are recognized and rejected by allogeneic recipients [164, 165] . Thus, some degree of pharmacologic immunosuppression will likely be required for allotransplants of hESC-CMs. The need for immunosuppression by no means precludes use of hESC-based cell therapies-we currently immunosuppress heart transplant recipients because the benefits to the patient with end-stage heart disease outweigh the intrinsic risks of immunosuppression. Were hESC-CM transplants to prove efficacious in human patients, a similar risk-benefit analysis would be required in this case. However, there is some reason for optimism that preventing rejection of hESC-derivatives might require less intense immunosuppression than is required in the setting of conventional organ transplantation. First, elegant transplantation studies in the humanized (Trimera) mouse model suggest that, while differentiated hESC progeny are immunogenic, they are considerably less so than adult tissues [174] . Second, there is the possibility of banking large numbers of diverse, human leukocyte antigen (HLA) isotyped hESC lines, so as to improve the likelihood of a close match.
That said, it would be obviously desirable to avoid immunosuppression with hESC-based therapies if possible, and a number of investigators have posited potential, but as yet untested approaches for doing so. The reader is referred to an excellent review by Odorico et al. [44] , which outlines strategies including nuclear reprogramming to generate an "autologous" hESC cell source, genetic manipulation of major histocompatibility genes to produce a "universal" donor hESC line, and induction of immune tolerance via the transplantation of hESC-derived hematopoietic precursors and establishment of bone marrow chimerism. Finally, as discussed above, the recently reported iPSCs, generated by reprogramming human adult human fibroblasts, represent a potential autologous source of cells with an apparently hESC-like phenotype [56, 57] .
Host-graft electromechanical integration and potential for
arrhythmogenesis-A second challenge to the clinical application of hESC-CMs to cardiac repair is their potential for arrhythmogenesis. As noted above, we do not presently know whether these cells become electromechanically coupled with the host muscle after transplantation into infarcted hearts. If the graft cells are not well-coupled, they could promote arrhythmogenesis by introducing points of electrical heterogeneity into the myocardium. On the other hand, if the hESC-CMs are well-integrated, they could still induce rhythm disturbances if their single-cell electrophysiologic properties are sufficiently different from those of the adult host myocardium. Thus, it may be of concern that currently available preparations of hESC-CMs are heterogeneous and include myocytes with ventricular-like but also nodal-and atrial-like action potential properties. Further, even the apparently ventricularlike hESC-derived myocytes show immature electrophysiologic properties and so, relative to adult ventricular myocytes, have a comparatively depolarized maximum diastolic potential, a slower action potential upstroke, and a much smaller cell size. It is uncertain whether these disparities will diminish with in vitro or in vivo maturation.
No arrhythmias or increased mortality to suggest sudden cardiac death has been reported in preclinical studies to date, but all have been performed in rodent models. Rodent heart rates are considerably higher than those of humans (e.g. 300-400 beats per minutes for a rat [175] versus 60-100 beats per minute for a human), and so could mask arrhythmias generated by pacemaker activity or re-entrant circuits that would still occur in slower heart rate species. Safety studies will be required in a larger preclinical model to provide reassurance on this issue.
4.3.3
Cell delivery-Another area that needs further development (for all candidate cell types for cardiac therapies) is cell delivery. In preliminary studies, we have found no evidence that hESC-CMs home to injured hearts after intravenous injection (data not shown), nor is there any particular reason to expect these cells to have that capacity. Hence, cardiac therapy with these cells will almost certainly involve their direct delivery to the injured myocardium. Preclinical studies to date with hESC-CMs have involved direct injection via an open thoracotomy, but, moving forward, it would be preferred to deliver these via less-invasive approaches, such as by transvenous [176] or endocardial [177] catheters. Such systems are under development for cardiac cell therapy in general, and often employ guidance by echo, intravascular ultrasound or electrical mapping. hESC-derived preparations may also be deployed in tissue engineered myocardial constructs (discussed further below), and such constructs comprising cells, matrix and polymers may also be injected [178] . As is the case with cell-based cardiac therapies, many delivery parameters will have to be determined empirically, for example, the optimal timing of delivery, cell dose, number of injections (per intervention, and/or possible repeated interventions), injection vehicle, injection volume/cell concentration, and graft placement with respect to the infarct. The ability of hESC-CMs to proliferate in vivo will likely mean that the optimum delivery parameters with this cell type may differ significantly from those determined in clinical trials with other candidate cell types.
4.3.4
Other challenges-Of course, there are still other challenges to the clinical application of hESC-CMs. Some of these are unique to hESC-CMs; others are common to all cell-based cardiac therapies. Of course, of particular concern with all hESC-based therapies is the risk of teratoma formation, and so there is a need for purified preparations of hESC-CMs, free of undifferentiated hESCs and undesirable non-cardiac derivatives. (In section 3, we discussed multiple strategies to meet this need.) Another problem is the death of the transplanted cells. Indeed, multiple studies have demonstrated that, regardless of the cell type involved, the vast majority of the delivered cells die within the first several days [179, 180] . Some progress has been made on this issue, for example, we have shown that heat shocking hESC-CMs before transplantation [40] and/or delivery of these cells in the presence of a cocktail of pro-survival factors [19] results in larger intracardiac grafts. Overexpression of antiapoptotic proteins is another option, as it has been shown to improve graft survival with other cell types [14, 179] .
A final challenge, one that applies to all cell-based therapies, is that all such novel therapies must be proven superior to contemporary medical management. Recent decades have seen considerable improvements in the pharmacologic and interventional treatment of patients suffering from acute coronary syndrome and heart failure, and these appear to have had a favorable impact on outcomes [181, 182] . This must be kept in mind when evaluating preclinical studies of cell-based therapies in experimental animals (in which case the controls seldom receive the equivalent of modern standardized therapies). Furthermore, because many patients with acute myocardial infarction do well with standardized therapies, we may need new tools to identify those patients that would benefit further from cell-based cardiac therapies (assuming that they are efficacious).
Tissue engineering with hESC-derivatives
Tissue engineering aims to create a tissue "equivalent" by combining cells within a hierarchical scaffold to impart spatial organization, provide molecular and mechanical cues, and mimic the matrix architecture of the native tissue. Myocardial tissue engineering has received particular interest over the past decade [183] , and work is ongoing to incorporate hESCs into these efforts [72, 184, 185] . As mentioned above, in addition to providing cardiomyocytes, hESCs represent a source of vascular and stromal cells that can be used to develop crucial vascular elements within growing myocardial constructs [186] . Possible myocardial tissue engineering approaches range from injectable self-assembling peptide nanofibers [187] , to the production of small cellularized units [188] , to the engineering of more organized myocardial structures using naturally-derived or synthetic polymer scaffolds in various forms including sheets, tubes, and pouches [72, 187, [189] [190] [191] [192] [193] [194] . We expect that these technologies will play a role in the development of cell-based cardiac therapies, and that they may eventually result in a vascularized cardiac muscle construct that can be used within or even in place of the infarcted heart.
Summary and future perspectives
The notion of using stem cells to regenerate the injured heart from its component parts has attracted the interests of many experimental cardiologists as well as the hopes of the large population of patients suffering from ischemic heart disease. We share the optimism of most researchers in this field that ongoing research in cell-based cardiac repair will eventually yield effective clinical therapies. That said, the mixed results from early clinical trials of cell-based cardiac repair with skeletal muscle and bone marrow derived cell preparations demonstrates that the field must continue to refine its approaches and that the ideal cell type for such therapies remains uncertain.
hESCs have tremendous promise as a model system of human cardiac development, a resource for high-throughput screening and safety testing of new drugs, and a potential cell source for cell-based cardiac repair. hESC-CMs have an unambiguous cardiac phenotype, proliferate robustly both in vitro and in vivo. Exciting proof-of-principle for their use in cardiac repair has come from recent studies in rodent infarct models, but substantial challenges remain to their development as a clinically useful cell-based therapy. Without question, they lag behind several candidate adult stem cell sources in testing and development for clinical application. Still, it should be emphasized that it has been less than one decade since the initial report describing the isolation of hESCs by Thomson and colleagues [43] , and, in our opinion, the field has made good progress in the interim. Improved methods for the maintenance and large-scale expansion of undifferentiated hESCs have been developed. Our group and others have recently developed approaches to efficiently derive cardiomyocytes (and/or other potentially useful cell types) from these cultures. Informed by recent advances in stem cell and developmental biology, progress toward deriving large quantities of even further purified cardiac preparations from hESCs (or related pluripotent cell types [56, 57] ) seems almost inevitable. Given encouraging preclinical studies with currently available preparations, continued efforts to develop hESCbased cardiac therapies are clearly warranted. Laflamme et al. [19] 
